Bisphenol A (BPA) and other endocrine disrupting chemicals have been reported to induce negative effects on a wide range of physiological processes, including reproduction. In the female, BPA exposure increases meiotic errors, resulting in the production of chromosomally abnormal eggs. Although numerous studies have reported that estrogenic exposures negatively impact spermatogenesis, a direct link between exposures and meiotic errors in males has not been evaluated. To test the effect of estrogenic chemicals on meiotic chromosome dynamics, we exposed male mice to either BPA or to the strong synthetic estrogen, ethinyl estradiol during neonatal development when the first cells initiate meiosis. Although chromosome pairing and synapsis were unperturbed, exposed outbred CD-1 and inbred C3H/HeJ males had significantly reduced levels of crossovers, or meiotic recombination (as defined by the number of MLH1 foci in pachytene cells) by comparison with placebo. Unexpectedly, the effect was not limited to cells exposed at the time of meiotic entry but was evident in all subsequent waves of meiosis. To determine if the meiotic effects induced by estrogen result from changes to the soma or germline of the testis, we transplanted spermatogonial stem cells from exposed males into the testes of unexposed males. Reduced recombination was evident in meiocytes derived from colonies of transplanted cells. Taken together, our results suggest that brief exogenous estrogenic exposure causes subtle changes to the stem cell pool that result in permanent alterations in spermatogenesis (i.e., reduced recombination in descendent meiocytes) in the adult male.
Introduction
Over the past few decades, there has been increasing concern that sperm counts and quality are declining [1, 2] . In Denmark, for example, sperm counts have declined over time, and more than 40% of young Danish men have sperm counts in the range associated with infertility or decreased fertility [3] [4] [5] [6] . These findings are echoed by reports from Japan, the United States, and other European countries [7] [8] [9] [10] [11] . In addition to changes in sperm counts, there has been a corresponding increase in the incidence of morphological abnormalities of male reproductive organs, including hypospadias and undescended testicles as well as an increased incidence of testicular cancer [12] . This constellation of male disorders is termed testicular dysgenesis syndrome (TDS) and is postulated to be developmental in origin.
Specifically, TDS was originally proposed to result from exposure of the developing male to maternally-derived or environmental estrogens [13] . Both correlative data from studies in humans and experimental studies using animal models have provided support for the hypothesis. Diethylstilbestrol (DES) is a potent synthetic estrogen that was prescribed to pregnant women from 1940 to the early 1970s. Men that were exposed in utero to DES have an increased incidence of cryptorchidism, underdeveloped testes, testicular cancer, low sperm counts, and decreased sperm quality [14] [15] [16] [17] [18] . Thus, the human DES experience demonstrates that fetal exposure to exogenous estrogens can induce TDS symptoms. More recent experimental studies have shown that exposure of the developing testis to potent estrogens or endocrine disrupting chemicals (EDCs) with estrogenic activity during either prenatal or early postnatal development can cause a reduction in testis weight and sperm counts in adult male rodents [19] [20] [21] [22] [23] . However, because testicular changes have not been a feature of all studies, the effect of exposures-at least for some chemicals-on the developing testis has remained controversial.
Estrogenic exposures can impact the developing brain, changing behavior and neuroendocrine function [24] , as well as the reproductive tract, interfering with gamete maturation and delivery [25, 26] . The complexity of interacting and interdependent systems has made it difficult to pinpoint the mechanism(s) by which exogenous estrogens exert effects on the developing testis. Spermatogenesis is a complex process that is dependent upon both endocrine and paracrine signaling to accomplish the multiple cell divisions necessary to renew the spermatogonial stem cell (SSC) population and give rise to populations of differentiating cells that ultimately produce sperm. Exogenous estrogens have been reported to affect both the steroid hormone-producing Leydig cells and the Sertoli cells that are essential for spermatogenesis [27] [28] [29] [30] [31] , but direct effects on germ cells remain poorly understood.
Meiosis is the specialized cell division that is essential for the reduction of diploid germ cells to haploid gametes during gametogenesis. In female mice, BPA exposure beginning prior to the onset of meiosis and continuing through meiotic prophase (11-18.5 dpc) significantly alters the events of meiotic prophase, increasing recombination or crossover levels (scored as the number of foci of the crossover-associated protein, MLH1) and resulting in the production of aneuploid eggs [32, 33] . Although the available evidence from studies in rodents suggests that developmental exposures to exogenous estrogens can impact spermatogenesis in adulthood [20] [21] [22] [23] , the potential meiotic effects of these exposures have not been evaluated. To determine if an exposure comparable to that in the female (i.e., corresponding to the time of meiotic commitment and onset) affects male meiosis, we exposed male mice to BPA or to the strong synthetic estrogen, ethinyl estradiol (EE) during neonatal development. As in the female, we found that exposure influenced meiotic prophase in the male. In contrast to the female, however, where BPA exposure increased meiotic recombination levels, significantly reduced levels were evident in the first wave of meiotic cells from males exposed to BPA or EE by comparison with placebo males. Remarkably, the effect persisted into adulthood long after the exposure ended, with significantly reduced recombination levels in BPA and EE males by comparison with placebo males. Furthermore, our investigation identified 'estrogen-sensitive' mouse strains, as well as one inbred strain that was resistant to the meiotic effects of exogenous estrogens. Lastly, the transplantation of SSCs from exposed males to the testes of unexposed recipients demonstrated that the recombination phenotype results from permanent alterations to the SSCs. Taken together, our data provide evidence that exposure to exogenous estrogens during testis development can induce permanent alterations to the SSC population that act to reduce spermatocyte survival in the adult.
Results

Neonatal exposure to estrogenic chemicals permanently reduces meiotic recombination levels
To test the hypothesis that neonatal estrogenic exposure disrupts meiosis, newborn male mice were given single daily oral doses of BPA or vehicle-only placebo from 1-12 days postpartum (dpp). In addition, because spermatogenic impairment has been postulated to result not simply from BPA but from estrogenic exposures in general (e.g., [19] ), we also tested the effect of exposure to the synthetic estrogen used in birth control pills and hormone replacement therapy, ethinyl estradiol (EE). EE is not only a potent estrogen frequently used as a positive control in studies of endocrine disruptors, but is also a common water contaminant that remains detectable even after sewage treatment [34, 35] . Because strain differences in estrogen sensitivity have been reported [36] , we evaluated both outbred CD-1 and inbred C57BL/6J (B6) males. To assess effects on synapsis and recombination, meiotic analyses were performed on 20 dpp males by immunostaining surface spread preparations of meiotic cells with antibodies for SYCP3 and MLH1. SYCP3 is a component of the synaptonemal complex (SC), and MLH1 is a DNA mismatch repair protein that localizes to the large majority of sites of meiotic exchange [37] . Perturbations in synapsis were not observed in either strain (S1 Table) , but MLH1 levels were significantly reduced in BPA and EE exposed CD-1 males (Table 1, S1 Fig.) . Mean MLH1 counts for juvenile CD-1 males were 22.27 ± 0.12, 21.50 ± 0.10, 21.87 ± 0.10, and 20.85 ± 0.10 for placebo, 20 ng BPA, 500 ng BPA, and 0.25 ng EE-exposed, respectively (p<0.0001). In contrast, no differences were detected in B6 males with any exposure.
To determine if the reduction in meiotic recombination induced by neonatal exposure was transient, littermates of juvenile males used in initial experiments were aged and analyzed as adults (Table 1 ; S1 Fig.) . MLH1 levels in BPA or EE exposed CD-1 males assessed at 12 weeks were significantly reduced by comparison with placebos. Mean MLH1 counts were 24.26 ± 0.18, 23.22 ± 0.16, 22.95 ± 0.15, and 21.72 ± 0.13 for placebo, 20 ng BPA, 500 ng BPA, and 0.25 ng EE-exposed, respectively (p<0.0001). Further, the effect persisted throughout the reproductive lifespan, as evidenced by the fact that a similar reduction was observed in CD-1 males aged to one year, with mean MLH1 counts of 24.49 ± 0.18, 23.14 ± 0.20, 23.40 ± 0.22, and 23.13 ± 0.19 for placebo, 20 ng BPA, 500 ng BPA, and 0.25 ng EE-exposed, respectively (p<0.0001). As in the analysis of 20 dpp males, no difference in MLH1 levels was observed with any exposure on the B6 strain.
Sensitivity is influenced by genetic background
To determine if the effect of neonatal estrogenic exposure on meiotic recombination was limited to outbred strains, we tested the effect of neonatal EE exposure on the inbred C3H/HeJ (C3H) strain (Table 1; S1 Fig.) . Like CD-1 mice, exposed male C3H mice had significantly reduced MLH1 levels, with mean counts of 21.75 ± 0.14 for placebo and 20.55 ± 0.11 for EEexposed at 20 dpp (p<0.0001), and 22.98 ± 0.13 for placebo and 21.98 ± 0.10 for EE-exposed at 12 weeks old (p<0.0001).
The lack of meiotic abnormalities in exposed B6 males was surprising since B6 males were previously reported to be 'estrogen sensitive' [36] . To investigate this further, we mated C3H females ('sensitive strain') with B6 males ('resistant strain') and evaluated F1 hybrid males (Table 1; S1 Fig.) . MLH1 counts were 23.69 ± 0.23 for placebo and 23.14 ± 0.17 for EE-exposed males at 20 dpp (p<0.05), and 24.80 ± 0.14 for placebo and 24.44 ± 0.15 for EE-exposed males at 12 weeks old (p<0.05). At both ages, F1 males exhibited a reduction in exchanges in response to EE exposure, demonstrating that 'resistance' is not a simple dominant effect.
Estrogen sensitivity has been reported to be influenced by uterine environment [38] . Thus, it remained possible that the estrogen sensitivity in C3H/B6 F1 hybrid males was due to environmental (e.g., development in a 'sensitive' C3H uterine environment) rather than genetic factors. To determine if the estrogen insensitivity of B6 males could be 'reprogrammed' by the uterine environment we transferred one-cell B6 embryos to a 'sensitive' CD-1 uterine Table) . Thus, the data from embryo transfer experiments support the hypothesis that the insensitivity of B6 males to estrogen is a reflection of genetic differences.
Estrogenic exposure increases the frequency of recombination failure
To better understand the effect of estrogenic exposures on recombination, we characterized the distribution of the sites of exchange in pachytene cells from exposed males. We conducted two types of analyses. First, we determined the basis for the difference in the number of MLH1 foci per cell between exposed and control males. For all time points, the reduction in MLH1 foci in exposed CD-1 and C3H males could be attributed to a decreased frequency of SCs with two MLH1 foci and a corresponding increase in SCs with a single focus (S3 Table) . Second, we asked whether estrogenic exposure increased the likelihood that cells would contain at least one SC lacking an MLH1 focus; i.e., a "crossover-less" SC (Fig. 1A) . Indeed, we found that, on both genetic backgrounds, neonatal EE exposure increased the frequency of such cells in juvenile males. Specifically, cells containing an SC without an MLH1 focus increased in frequency from 2-3% in placebo to 15% in EE-exposed males for CD-1 ( Fig. 1B ; p<0.0001), and from approximately 5% in placebo to 30% in EE-exposed males for C3H ( Fig. 1C ; p<0.0001). The results for adult males varied between the two genetic backgrounds-no significant differences were observed in adult CD-1 males (Fig. 1B ), but in adult C3H males, cells containing an SC without an MLH1 focus increased in frequency from approximately 2% for placebo to 10% in EE-exposed males ( Fig. 1C ; p<0.0005).
Because recombination failure results in unpartnered univalents at metaphase I that trigger cell death [39] , we analyzed the frequency of univalents at metaphase I (MI) in the strain that exhibited a significant increase in crossover-less SCs, C3H. As predicted, neonatal EE exposure increased the frequency of abnormal MI cells in adult males (Table 2, p<0.005; Fig. 2A and B) . In placebo males, 3.90% of cells had a single pair of autosomal univalents, and this increased to 10.34% in EE-exposed males. In placebos, all autosomal univalents involved small chromosomes. With the exception of a single mid-sized pair of autosomal univalents, this was also true in EE-exposed males. In addition, the frequency of sex chromosome univalents was high in Figure 1 . Analysis of pachytene cells from CD-1 and C3H males. A) Representative spermatocyte with an SC lacking an MLH1 focus (white arrow) from an adult C3H male orally exposed to 0.25 ng EE from 1-12 dpp. MLH1 = green, SYCP3 = red. B, C) The frequency of cells with an SC lacking MLH1 in placebo and exposed males analyzed at 20 dpp, 12 week-old, and 1 year-old CD-1 males (B) and 20 dpp and 12 week-old C3H males (C). Differences were tested by Chi-square analysis. placebo males (6.49% of cells), but significantly increased in EE-exposed males (23.28% of cells). To determine if cells containing univalents were effectively eliminated, we conducted a similar analysis of cells at metaphase II (MII). No abnormalities were observed in MII cells from placebo males, but 5.13% of MII cells were abnormal in EE-exposed males; 3 cells contained prematurely separated sister chromatids, 2 had an extra chromatid, and the remaining cell was missing a chromatid. (Table 3 , Fig. 2C and D).
Neonatal estrogenic exposure alters spermatogonial stem cells
Because spermatogenesis is continuous, the permanent reduction in recombination observed in exposed males suggests that estrogens affect one or more cell populations of the developing testis. To determine if neonatal EE exposure alters the somatic or germ cell lineage, we performed germ cell transplantation experiments. C3H males were exposed to placebo or EE from 1-12 dpp. On 13 dpp, germ cells were isolated and transplanted into the seminiferous tubules of recipient W/W v males (Fig. 3 ). W/W v males lack endogenous germ cells, but maintain a somatic environment capable of supporting spermatogenesis, allowing colonization of transplanted donor cells and initiation of spermatogenesis from them [40] . MLH1 levels were significantly reduced in meiocytes resulting from the transplantation of SSCs from EE-exposed males by comparison to placebo ( Exposure reduces meiotic recombination without affecting synapsis or double strand break formation
Because recombination levels in mammals are positively correlated with SC length and double strand break (DSB) levels [41] [42] [43] [44] [45] [46] [47] , we compared RAD51 foci and total SC length between placebo and EE-exposed CD-1 males. To determine if exposure affects the earliest steps in the recombination pathway, we used RAD51 as a surrogate for DSBs, counting the number of foci in zygotene cells (Fig. 4A) . No significant differences were observed with EE exposure. Mean RAD51 foci counts were 180.51 ± 3.10 for placebo and 178.41 ± 2.62 for EE-exposed at 20 dpp, and 186.19 ± 3.20 for placebo and 180.43 ± 2.87 for EE-exposed males at 12 weeks ( Fig. 4B and C) . Total SC lengths were measured in pachytene cells analyzed for MLH1. Although a significant reduction in SC length was observed in EE-exposed males at 20 dpp, surprisingly, no differences between placebo and exposed males were evident in 12 week or 1 year-old males ( Fig. 4D-F) . Mean SC lengths were 151.08 ± 1.15 for placebo and 140.53 ± 0.95 μm for EE-exposed at 20 dpp (p<0.0001), 152.10 ± 1.06 for placebo and 152.19 ± 0.98 μm for EE-exposed at 12 weeks, and 149.22 ± 1.04 for placebo and 150.37 μm for EE-exposed at 1 year. Further, there was no indication that the relationship between MLH1 levels and SC length was disrupted by either BPA or EE exposure, as a significant positive correlation was observed for each exposure group (S2 Fig.) .
Discussion
Our studies demonstrate that, in the mouse, exposure to exogenous estrogens during testis development permanently alters spermatogenesis in the adult. The nature of the alteration-a reduction in meiotic recombination as assessed by MLH1 levels at pachytene-is interesting for two reasons. First, reducing levels of recombination leads to the failure of some homologs to form a site of exchange, resulting in the robust elimination of spermatocytes [39, 48, 49] . Thus, the reduced recombination evident as both a decrease in MLH1 foci at pachytene and an increased frequency of univalents at MI in exposed males provides mechanistic support for an important tenet of the Estrogen Hypothesis, i.e., that exposure to exogenous estrogens can lead to a reduction in sperm counts. Second, the fact that the recombination phenotype persists when germ cells are transplanted to an unexposed testicular environment suggests that estrogenic exposures induce permanent changes to the SSCs of the developing testis. Importantly, the finding that changes induced in SSCs during testis development influence recombination levels in the adult provides new insight to the setting of meiotic recombination levels in mammals. Figure 3 . Germ cell transplantation experimental design. C3H male pups from timed-pregnant C3H females were orally exposed to placebo or 0.25 ng/g/ day EE from 1-12 dpp. At 13 dpp, testes were pooled per exposure group, germ cells were isolated, and transplanted into W/W v adult males. Placebo cells were injected into one testis, and EE-exposed cells into the contralateral testis. Different letters and numbers represent different transplantation days and individuals, respectively. Meiotic analyses occurred 8 weeks post-transplantation. Neonatal estrogenic exposure increases spermatocyte abnormalities
The negative effects of estrogenic chemicals on the developing male include an expanding list of subtle changes to the developing brain, reproductive tract, and testis. Changes in all three have the potential to induce major reproductive repercussions and, although it is widely accepted that developmental exposure adversely impacts spermatogenesis in adulthood, the biological underpinnings remain unclear. Our findings provide a direct mechanistic link between exposure and negative impacts on the germ cell. We observed a reduction in MLH1 levels with estrogenic exposure and a corresponding increase in apparent recombination failure. Consistent with the expectation that recombination failure would lead to an increased incidence of univalents at metaphase I, the incidence of both autosomal and sex chromosome univalents at metaphase I was increased in EE-exposed males (Table 2) . Because the action of the spindle assembly checkpoint (SAC) is robust in the male [39, 49] , we did not expect that such cells would complete the first meiotic division. Although our data suggest that, indeed, the vast majority of cells with errors were eliminated at MI, we did observe a few abnormal cells at MII in EE-exposed males, including three cells with separated chromatids, two cells with a single extra chromatid, and one cell missing a chromatid (Table 3) . These were likely the product of univalents that were able to biorient, as in mitotic cells, and escape detection by the checkpoint at MI [50] . Although we did not test for it, the prediction is that the vast majority of such cells should be eliminated by the actions of the SAC at MII, and the incidence of aneuploid sperm should not be elevated or only slightly elevated in EE-exposed males.
Evidence that the spermatogonial stem cell is altered
To determine if the recombination effects induced by exogenous estrogens are due to changes in the germline, we transplanted germ cells purified from 13 dpp placebo and EE-exposed males into the testes of W/W v males (Fig. 3) . We reasoned that an effect mediated by changes to the somatic cell compartment would be ameliorated by transplantation of germ cells to an unexposed somatic environment. Our meiotic analyses of cells within spermatogenic colonies regenerated by transplanted SSCs, however, demonstrated consistently lower MLH1 levels in the testis transplanted with exposed cells by comparison with the contralateral placebo transplanted testis (Table 4 ). The persistence of the recombination phenotype in transplanted germ cells provides evidence that estrogenic exposure alters the SSCs. Interestingly, MLH1 levels in meiocytes from both placebo-and EE-exposed males were slightly higher in transplanted testes than in intact C3H males (e.g., 22 .98 ± 0.13 placebo vs. 24.11 ± 0.21 transplant placebo, p<0.0001, Table 1 and Table 4 ), suggesting that the transplantation procedure itself, (e.g., cell isolation, colonization, or genetic differences between donor and recipient) may affect the epigenome of the SSC. Epigenetic changes induced by transplantation may also provide an explanation for the single transplanted male that did not exhibit a recombination difference between the testes transplanted with placebo and exposed cells (Table 4) . Nevertheless, the finding of a slight transplantation effect supports the hypothesis that subtle epigenetic changes to the SSC can induce significant changes in recombination. Estrogen receptors have been reported to be present in spermatogonia in the neonatal testis [51] , but whether they are present in the SSC subpopulation remains unclear. It is tempting to conclude that exogenous estrogens exert a direct effect on the SSC population, but the design of our study does not allow us to rule out an indirect effect mediated via changes to the soma. Thus, in future studies, it will be important to determine if estrogen acts directly on the SSCs, e. g., by testing the effect of cell-specific estrogen receptor knockouts.
Recombination regulation: A new outlook
Although it is clear that the number and placement of the sites of recombination is influenced by both genetic [52] [53] [54] [55] [56] [57] and environmental factors [58] , when and how recombination levels are set has not been determined in any species. Our current understanding of the control of recombination suggests that MLH1-dependent sites of recombination are influenced by events at two temporally different stages of meiosis-at the time of DSBs formation and Holliday junction resolution. In both mice and humans, levels of recombination have been correlated with both DSB number and SC length [41] [42] [43] [44] [45] [46] [47] , suggesting that overall levels of recombination are established at or before the onset of DSBs. Based on our previous studies of mouse strains exhibiting significant differences in recombination [47] , we anticipated a corresponding 20% reduction in RAD51 foci and 5.5% reduction in SC length. Surprisingly, however, the changes in recombination elicited in response to estrogenic exposure were not accompanied by the expected reduction in either DSBs or SC length. Although we did not test for it, exposure may affect downstream processes involving the proteins, RNF212, HEI10, and CNTD1 that direct recombination site precursors to mature into crossover or noncrossover sites [52, [59] [60] [61] [62] [63] . However, it is not immediately obvious why or how alterations to the SSC population of the testis would induce changes in this aspect of DSB repair.
Although the mechanism by which developmental estrogenic exposure acts to alter crossover levels in the adult testis remains to be determined, the finding that recombination changes are linked to the SSC population adds a new layer of complexity, providing the first evidence that meiotic recombination can be affected by events many cell divisions upstream of meiosis. In rodents, the SSC pool is established during neonatal testis development [64] . For the lifespan of the male, the SSCs mitotically divide to regenerate a stem cell and seed a population of cells that undergo successive mitotic divisions before initiating meiosis [65] . Based on our findings, we postulate that estrogenic exposures act to alter the SSC epigenome, and that the altered epigenetic state of the stem cell results in a reduction in crossover levels in downstream meiocyte progeny. Regardless of the mechanism, our findings raise the tantalizing suggestion that in the male, the epigenome of the SSC is key. Importantly, from the standpoint of the reproductive health of humans and other species, they also provide sobering evidence that brief exposures during testis development can have significant and permanent effects on male reproduction.
The consistency of the effect on recombination in exposed males on both the outbred CD-1 and inbred C3H background is striking and suggests that estrogens induce genome-wide epigenetic changes. Notably, our exposure window coincides with the end of the epigenetic reprogramming period in the male germline [66] , raising the possibility that estrogenic exposure disrupts remethylation of the SSC genome. If this is indeed the case, the period of vulnerability during which estrogens can act to affect the SSC may be extensive; global demethylation of the germline occurs during migration and after colonization of the testis [67] and reprogramming follows immediately, with an extensive period of DNA remethylation that, in the mouse, extends from approximately 14.5 dpc to several days after birth [68] [69] [70] . Thus, to understand the risk posed by estrogenic exposure, it will be important in future studies to carefully delineate the developmental window during which the testis is vulnerable. In this regard, the fact that the B6 strain is not sensitive to the recombination effects of estrogenic exposure makes it a useful tool not only in understanding the epigenetic changes to the SSC that mediate the effect, but also in identifying individuals who will be most susceptible to the effects of environmental estrogens.
Sex-specific differences in meiotic effects
We previously reported that, in female mice, BPA exposure during fetal development results in an increase in synaptic defects and in MLH1 foci in pachytene stage oocytes [33] . Although we attempted to recapitulate in males the exposure window that induced meiotic effects in the female, the sex-specific differences are striking: In males, synaptic defects are not increased, and meiotic recombination levels are significantly reduced, not increased by exposure. The mechanism of action also appears to be sex-specific. In females, BPA acts as an ER-beta antagonist, phenocopying the absence of ER-beta signaling [33] . In contrast, in the male, the effect is not confined to BPA and EE elicits a more severe reduction in recombination ( Table 1 ), suggesting that meiotic effects in the male may be elicited by a variety of environmental estrogens. Importantly, however, in both sexes exposure can impact the entire reproductive lifespan of the individual, albeit for different reasons: All oocytes enter meiosis prenatally, and exposure coinciding with this period of germ cell development can impact the entire cohort of eggs, reducing the genetic quality of the eggs produced. In males, the current results suggest that perinatal exposure can induce permanent changes to the stem cell population of the testis, permanently changing recombination rates and reducing the number of cells that can successfully complete meiosis and give rise to viable sperm.
In the male, previous studies have reported epigenetic transgenerational effects as a result of exposure to endocrine disruptors [71, 72] . These effects, however, remain poorly understood and extensive analyses of the cells responsible for transmitting effects to subsequent generations-the male germ cells-have not been conducted. Because recombination is a quantitative trait that has been well characterized in mice [47, 73, 74] , it provides a sensitive means of tracing effects of exposures across generations and, unlike retrospective molecular analyses of epigenetic changes, allows direct analyses of male germ cells. Thus, in future studies, it will be important to determine if exposure-induced changes in recombination are transmitted to subsequent generations, to define the window of vulnerability of the SSC, and determine if it is limited to the period of neonatal development.
Materials and Methods Animals
Breeding stocks of wildtype male and female ICR (CD-1) mice (Harlan Laboratories, Livermore, CA), C57BL/6J (B6), and C3H/HeJ (C3H) (Jackson Laboratory, Bar Harbor, ME) were maintained in our laboratory in a pathogen-free facility. C3H/B6 F1 hybrids were generated by mating several C3H/HeJ females to a single C57BL/6J male. W/W v males used as germ cell transplantation recipients were generated from breeding heterozygous W and W v C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME). Animals were housed in polysulfone cages (Allentown Inc. Allentown, NJ, Jag 75 micro isolator model) on ventilated racks, in cages containing Sanichip 7090A bedding (Harlan Laboratories) and enrichment material-a nestlet (Ancare, Bellmore, NY), and a Diamond Twist enrichment product (Harlan Laboratories). Drinking water and chow (Purina Lab Diet, 5K52) were provided ad libitum. Individually-housed male animals received a single pellet of Teklad Global 19% Protein Extruded Rodent Diet once a week as an enrichment product (Harlan Laboratories).
Exposures
Male mice were exposed to 20 or 500 ng/g/day BPA (supplied by NIEHS), 0.25 ng/g/day ethinyl estradiol (Sigma-Aldrich, E4876), or equal volume ethanol/corn oil placebo daily from 1-12 dpp. Chemicals were dissolved in ethanol, diluted in tocopherol-stripped corn oil (MP Biomedicals, Solon, OH), and administered orally by pipette. An exposure level of 20 ng/g/day BPA is below the tolerable daily intake for human consumption (50 ng/g/day) established by the US Environmental Protection Agency and European Food Safety Agency. The 500 ng/g/ day dose was chosen as a relevant exposure to humans-it is only slightly higher than 400 ng/ g/day, a level that recapitulates blood levels in mice and monkeys similar to blood levels observed in humans [75] . Ethinyl estradiol was chosen as a suitable positive control for oral exposure, and 0.25 ng/g/day EE is well below the recommended levels for comparison with the effects of BPA [22] . To our knowledge, no adverse effects on the testis have been reported for 0.25 ng/g/day EE exposure from 1-12 dpp. For each strain, daily dose was based on the average male pup body weight (g) for each day from 1-12 dpp. A total of six to twelve males (one to three males per litter from at least three litters) were analyzed for each exposure group. Male littermates not utilized for 20 days post-partum (dpp) analyses were weaned and saved for later age analyses at 12 weeks or 1 year of age (CD-1 only). All mouse experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Washington State University, which is fully accredited by the American Association for Accreditation of Laboratory Animal Care.
Spermatocyte preparations
Males were killed and testes immediately removed. Spermatocyte preparations were made according to the Peters et al. protocol [76] with one modification: a thin layer of 1% paraformaldehyde was applied to clean slides using a glass pipette, rather than by dipping the slide. After overnight incubation in a humid chamber, slides were dried, washed with 0.4% Photo-flo 200 solution (Kodak Professional), air-dried, and viewed on a Nikon Labophot-2 phase microscope. Two slides with spread cells were chosen for immediate staining.
Immunostaining
Slides were blocked for one hr in sterile filtered antibody dilution buffer (ADB), consisting of 10 ml normal donkey serum (Jackson Immunoresearch), 3 g OmniPur BSA, Fraction V (EMD Millipore), 50 μl Triton X-100 (Alfa Aesar) and 990 ml 1X PBS. For mouse spermatocytes, MLH1 (Calbiochem, PC56, at 1:60) and RAD51 (Santa Cruz biotechnology, sc-8349, at 1:60) primary antibodies were diluted in ADB and 60 μl of antibody solution was applied and covered with 24× 50 mm 2 glass coverslip, sealed with rubber cement, and incubated overnight at 37°C. Following incubation, coverslips were soaked off in ADB, SYCP3 primary antibody (Santa Cruz biotechnology, sc-74569, at 1:300) with a parafilm coverslip was applied, and slides were incubated for 2 hrs at 37°C. Following incubation, slides were washed in two changes of ADB for at least 1 hr each. Alexa Fluor 488-conjugated AffiniPure Donkey Anti-Rabbit (AFDAR) secondary antibody (Jackson Immunoresearch Laboratories, Inc., 711-545-152, at 1:60) was applied to slides, a glass coverslip added, sealed with rubber cement, and slides were incubated overnight at 37°. The next morning, slides were briefly washed in ADB, and Cy3-conjugated AffiniPure Donkey Anti-Mouse (CDAM) secondary antibody (Jackson Immunoresearch Laboratories, Inc., 715-165-150, at 1:1000) was applied with parafilm coverslip for 45 mins at 37°. At the end of incubation, slides were washed in two changes of 1X PBS for at least 1 hr each, and 20 μl of Prolong Gold antifade reagent with DAPI (Life Technologies, P36931) and glass coverslips were applied. Excess DAPI was blotted out with filter paper, and coverslip edges were sealed with rubber cement. Stained slides were stored at 4°in slide folders prior to analysis.
MLH1, RAD51, and synaptonemal complex length analyses
Images of cells were captured on a Zeiss Axio Imager epifluorescence microscope. Three images were taken consecutively, SYCP3-TRITC, MLH1 or RAD51-FITC, and DAPI, and cell coordinates were recorded via England finder to allow relocation. Each image was adjusted for uniformity using the Zeiss Axiovision software to reduce background, then saved without the DAPI channel for analysis. MLH1 foci counts were determined for 25-30 pachytene stage cells per animal by two scorers who were blinded with regard to exposure of the animal. Minor scoring discrepancies were resolved and cells with major discrepancies were discarded. Cells with poor staining or synaptic defects were excluded from MLH1 foci number analysis. To assess effects on the formation of the synaptonemal complex (SC), SC lengths were measured from pachytene stage cells used in MLH1 analyses. The total SC length per cell (μm) was obtained using Zeiss Axiovision measuring tools to measure the length of each of the 19 autosomal SCs. The sex chromosome bivalent was excluded from SC length and MLH1 foci analysis. RAD51 foci counts were determined for 20-25 zygotene stage cells per animal and both scores were averaged.
Synaptic defects
Defects in synapsis were analyzed in 50 pachytene cells from each male. Pachytene cells were selected on the basis of SYCP3 staining, and cells were scored into one of four catagories by two independent observers who were blinded with regard to exposure group. Cells were scored as: 1) perfect, if all homologs were fully synapsed and the sex chromosomes were closely associated, 2) major defects (complete asynapsis, partial asynapsis, non-homologous synapsis), 3) minor defects (forks/bubbles/gaps or fragmentation in an otherwise normal pachytene cell), and 4) associations (nonhomologous end-to-end associations between two or more SCs). Defects were defined as follows-complete asynapsis: one or two pairs of homologs remaining completely unsynapsed. Partial asynapsis: one or two pairs of homologs remaining unsynapsed for at least 1/3 the length of the SC, in a cell that otherwise exhibited complete synapsis. Nonhomologous synapsis: synapsis occurring between nonhomologous chromosomes. Forks and bubbles: one or two pairs of homologs remaining unsynapsed at the end (fork) or interstitially on the SC (bubble) for less than 1/3 of the SC length. Gaps: one or two gaps in SC staining that were longer than the width of an SC. Fragmentation: small segments of SC with colocalized DAPI staining that could not be identified as part of a pair of homologs. Cells with multiple defects were scored in more than one defect category.
Air-dried preparations
Chromosome preparations were made using the air-dried method of Evans et al. [77] . The frequency of abnormal MI and MII cells was analyzed by two independent observers blinded with respect to exposure group for five EE-exposed and three placebo adult C3H males included in MLH1 analyses. The frequency of univalents was determined for 20-27 MI cells per male, and the frequency of aneuploidy and the presence of monad chromosomes was determined for 20-25 MII cells per male.
Embryo transfer
Four to five week-old C57BL6/J females were injected with 5 IU pregnant mare serum gonadotropin (National Hormone Peptide Program, Torrance, CA) followed 48 hours later by an injection of 5 IU human chorionic gonadotropin (hCG) (National Hormone Peptide Program, Torrance, CA). Following hCG injection, females were placed overnight with a C57BL/6J male of proven fertility, and checked the following morning for the presence of a vaginal plug. Mated females were euthanized, ovaries and oviducts placed in 1 ml of prewarmed M2 medium (Millipore MR-015P) in a 60 mm tissue culture dish, and cumulus-covered one-cell embryos were released by carefully tearing the ampulla open with fine forceps. Hyaluronidase solution (0.3mg/ml, Sigma H3506) was added to medium to free adherent cumulus cells. One-cell embryos were collected via glass transfer pipette, washed in three separate drops of medium, moved to a drop of medium covered in oil, and incubated at 37°C with 5% CO 2 for 10-30 minutes before transfer. Pseudopregnant (0.5 days) CD-1 or C57BL/6J females were obtained from matings with vasectomized CD-1 males. Approximately 10 one-cell embryos were transferred via glass pipette to the infundibulum of each oviduct of anesthetized pseudopregnant females.
Germ cell transplantation
Testes of 0.25 ng/g EE or placebo C3H males were collected in HBSS at the end of the exposure period (13 dpp). Cell suspensions were prepared using the digestion and percoll selection steps as described previously [78] . Cells were suspended at a concentration of 3 × 10 6 cells/ml in cold dPBSS and kept on ice until transplantation. Approximately 5-10 μl of placebo cell suspension was injected into seminiferous tubules via the efferent ducts of one testis of the adult W/W v recipient [78] . EE-exposed cells were injected into the contralateral testis. Exposure groups alternated between the left and right testis to account for any differences between testes or timing (first vs. second injection). Mice were kept for a minimum of eight weeks post transplantation to allow colonization and multiple cycles of spermatogenesis before meiotic analyses. All W/ W v recipients were analyzed prior to six months of age. Because colonies occur in localized patches, the entire testis was used for surface spread preparations to ensure enough cells were obtained. Each W/W v testis was divided into five pieces, each piece providing the material for two slides.
Statistical analysis
Among-group differences in mean MLH1 foci were analyzed by one-way ANOVA for CD-1 and B6 exposure groups, and embryo transfer groups. For statistically significant differences (p<0.05), a Newman-Keuls post hoc test was performed to infer which groups differed. An unpaired t-test was used in instances where only two groups were being tested, including MLH1 analyses for C3H, C3H/B6 F1, and germ cell transplantation analyses, RAD51, and SC lengths. Chi-square analyses were used to determine differences in the frequency of cells containing SCs without recombination sites and abnormal cells at MI.
Supporting Information S1 Table. Recombination rate in B6 males transferred as one-cell embryos to CD-1 females and orally exposed to ethinyl estradiol after birth. Ãn = number of cells analyzed at 20 dpp. a, b Groups were compared by one-way ANOVA. Letters denote significant differences as deter- Data points represent total MLH1 foci (x-axis) and corresponding SC length (y-axis) for pachytene cells in 20 dpp, 12 week, and 1 year-old CD-1 males neonatally exposed to EE from 1-12 dpp. Pearson correlation coefficients were calculated to determine relationship between recombination and synaptonemal complex length. For CD-1, the Pearson correlation coefficients were 0.57 (p<0.0001) for placebo and 0.36 (p<0.0001) for 0.25 ng EE-exposed males at 20 dpp and 0.37 (p<0.0001) for placebo and 0.34 (p<0.0001) for 0.25 ng EE-exposed males at 12 weeks old, and 0.35 (p<0.0001) for placebo and 0.48 (p<0.0001) for 0.25 ng EE-exposed males at 1 year old. (PDF)
